Catalytic hydrotreating is an attractive method for upgrading bio-derived oils into renewable feedstocks with less oxygen content, suitable for producing valuable hydrocarbons through various petro-refinery processes. This study evaluates the catalytic activity of a commercial alumina 
INTRODUCTION
Catalytic hydrotreating is an essential petro-refinery method to reduce the content of heteroatoms (S, N and O) from raw materials, which has been widely employed to upgrade refinery feeds prior to such processes as catalytic reforming, catalytic cracking and steam cracking. [1] In petrorefineries that use sulfur-rich fossil-fuel based feeds the catalytic hydrotreating technology is fully developed specifically for the hydrodesulfurization (HDS) of petroleum products and naphtha streams. [2] [3] [4] However, the recent research developments prompted by the increasing demand of bio-based fuels and chemicals reinvent the importance of developing optimal hydrotreating (hydrodeoxygenation) methods for reducing the amount of oxygenates from complex bio-derived feeds before the thermo-chemical conversion process into fuels or chemicals.
The amount of oxygenates in bio-derived oils vary depending on the origin of raw materials. Biooils produced by pyrolysis of lignocellulosic biomass are rich in oxygenates (35-40 %). Therefore, deep hydrotreatment conditions are required to achieve complete deoxygenation from such bio-oils, inducing high processing cost. [5] Plant based oils or vegetable oils are another class of bio-derived feedstock. Vegetable oils have been extensively studied as a feedstock for the production of biochemicals and biofuels through a catalytic hydrodeoxygenation (HDO) route. [6] [7] [8] [9] The patented bio-synfining process produces naphtha range hydrocarbons for conventional steam cracking process from vegetable oils and fats. [10] [11] However, most of the widely studied vegetable oils are edible and remain as less favorable feedstocks as their selection to a refinery may create several environmental, economic and societal issues. Therefore, a proper selection of a sustainable feedstock is vital. Tall oil, a by-product of the Kraft-pulping process, is non-food chain affecting, economically feasible and low oxygen content feedstock. [12] Tall oil upgrading has already been received substantial attention as a sustainable bio-refinery method for producing biofuels and refinery feeds. [12] [13] [14] Tall oil comprises fatty acids, resin acids and sterols. Different tall oil feeds such as crude tall oil (CTO), distilled tall oil (DTO) and tall oil fatty acid (TOFA) are commercially available, and can be used as valuable raw materials for chemical production. CTO is produced by means of the acidulation of tall oil soap skimmings' from the black liquor obtained from pulping.
DTO and TOFA are obtained from CTO distillation along with other fractions. Among the aforementioned tall oil feeds, CTO is regarded as the most cost-competitive raw material. [15] Sulfided molybdenum catalysts on alumina supports with nickel or cobalt as promoter metals are the most widely employed industrial catalysts for hydrotreating. [16] Supported CoMo and NiMo catalysts are more active in sulfided forms. There have been many studies reported on the origin of catalytic synergy between two main group elements in hydrotreating catalysts. [17] Different theories on the origin of catalytic activity and the nature of active sites can be found in literature.
[ [17] [18] Kubicka et al. [19] reports that during hydroprocessing of vegetable oils over a sulfided NiMo catalyst, nickel sulfide phases are more active for decarboxylation than molybdenum sulfide phases. Therefore, the extent of HDO (hydrogenation/dehydration) versus decarboxylation reactions is highly dependent on factors such as promotor metal (Ni) concentrations and the dispersion of sulfidic phases. It is already learnt from previous studies that in comparison with CoMo catalysts, NiMo catalysts are more active for the HDO of aliphatic oxygenates. [20] Moreover, NiMo catalysts are found to be effective for hydrodeoxygenating cyclic oxygenates to cyclo alkanes and also for causing ring opening reactions from cyclics at high temperatures, which produces valuable hydrocarbons for further refinery processes. [12, 21] Based on these observations, it can be suggested that NiMo catalyst is more applicable than a CoMo catalyst for hydrodeoxygenating bioderived oils such as tall oil which contains aliphatic oxygenates as well as cyclic oxygenates.
During catalytic hydrotreating of tall oil, oxygenates are removed by various deoxygenation routes which produces a wide range of hydrocarbons mainly paraffin range hydrocarbons. [22] [23] Among tall oil fractions, catalytic deoxygenation of TOFA has been studied with considerable interest for producing a hydrocarbon fraction suitable as a diesel fuel. [24] Egeberg et al. [2] reports that hydroconversion of TOFA can be slightly different than that of triglycerides (vegetable oils) as the former produces more methane by means of methanation reaction, while the latter produce more propane by the scission of glycerol backbone. Catalytic deoxygenation of TOFA investigated by other researchers reveal that a significant yield of n-heptadecane (C 17 ) with high selectivity can be obtained from TOFA using a palladium mesoporous carbon catalyst. [24] Low temperatures are found to be more favorable for the formation of n-octadecane from fatty acids through a HDO route. Hydrotreating of CTO has been discussed in the literature through several patents which mainly focuses the application of hydrotreated products as a diesel fuel. [25] [26] [27] Previously, we successfully reported on the use of hydrotreated DTO and CTO as a steam cracker feed. [22] [23] A high degree of deoxygenation was obtained at low temperatures (325-400 o C) and space velocity of WHSV= 1h -1 , yielding a maximum in paraffins. Our group has also studied the hydrotreating chemistry of sterols in CTO and proposed a reaction scheme for the HDO of sterols at low temperatures in line with studies on the HDO of phenolic compounds and saturated alicyclic alcohols over sulfided catalysts. [23] Importantly, in our study, a high conversion of sterols was obtained at the tested conditions irrespective of space time and temperature.
In this paper a comparative study is presented using different tall oil feedstocks (TOFA, DTO and
CTO) The effect of space time and temperature on the hydrotreating of DTO and CTO is already been reported, [22] [23] therefore, they are not discussed further in this paper. More specifically, this paper presents the results of TOFA hydrotreating under the applied conditions, which are then compared with the results of DTO and CTO hydrotreating. This comparison has carried out on the basis of achieved product distribution, composition of organic phase samples and the conversion of acid fractions at the most favorable space time ( WHSV= 1h -1 ). The influence of feedstock type and reaction severity (temperature) during hydrotreating of tall oils (6 hours of time on stream) over a sulfided NiMo catalyst is thus studied in this paper. 
MATERIALS AND METHODS

Commercially
Terminology and calculations
For the sake of clarity, the term paraffins in this paper correspond to n-alkanes and i-alkanes. Nonaromatics denote cycloalkanes or naphthenes (-mono,-di or -tri) and other cyclic oxygenates as well as fatty alcohols and unsaturated hydrocarbons. The reactions which mention in this paper under hydrotreating conditions are hydrogenation of double bonds, decarboxylation, decarbonylation, HDO, isomerization, hydrocracking of alkane and cyclic structures and thermal cracking reactions.
HDO is repersented as a reaction resulted from complete hydrogenation with saturation of double bonds as the first step. Selective deoxygenation denotes the catalytic deoxygenation reactions at low temperatures (Mainly HDO, removal of oxygen as water). Non-selective deoxygenation repersents the deoxygenation reactions which occur at high temperatures (thermal or catalytic cracking, removal of oxygen as CO 2 ).
The mass based yield (%) of various product streams in this paper is calculated as a relative yield based on the amount (g/hr) of feedstock entering to the reactor. Conversion of fatty acids and resin acids was calculated by assuming that residual acid fractions are mostly present in the organic phase. The equation used for calculating the conversion is Conversion (%) = *100 n A , Feed, is the total mol of acids (fatty acid/resin acid) present in the feed, n A , O.P., is the total mol of acids (fatty acid/resin acid) present in the organic phase.
Product yield of paraffins (n-alkanes+ i-alkanes) was calculated by assuming that paraffins are solely formed from fatty acid fraction in tall oils. Product yield was calaculted by using the following equation.
Product yield (%) = *100
The reaction steps discussed in this paper in association with the hydrogenation and dexoygenation of fatty acids (linoleic acid and oleic acid) in tall oils over a sulfided NiMo catalyst are shown below by equations (1), (2), (3), (4), (5) were separated into organic and aqueous phases. Table 3 shows the detailed product distribution in organic phases obtained from TOFA hydrotreating at various process conditions. As Hydrotreating of TOFA produces more paraffins than other tall oil feeds, the product distribution of major paraffinic hydrocarbons such as n-octadecane and n-heptadecane obtained in TOFA hydrotreating at different process conditions is presented in this study as a separate section.
Product distribution of C 17 and C 18 hydrocarbons in TOFA hydrotreating
The amount of n-octdeacne and n-heptadecane obtained in TOFA hydrotreating on a sulfided NiMo catalyst is shown in Table 3 . It is clear from Table 3 This obseravtion appear as an obvious result in relation to the higher amount (wt%) of fatty acids in TOFA.
Product distribution of aromatic and non-aromatic hydrocarbons
As can be seen from 
Discussion
Based on distribution of gaseous products obtained from tall oil hydrotreating experiments, it can be assumed that in TOFA and DTO hydrotreating at high temperatures (>400 o C), mainly non-selective deoxygenation occurs with a sulfided NiMo catalyst by means of cracking (thermal or catalytic) [12, 28] which requires no hydrogen and produces short chain oxygenates and CO 2 as well as hydrocarbons (cycloalkanes and aromatics). of WHSV is challenging for the tested tall oil feeds. Presumably, the formation n-octadecane and nheptadecane can be significant at shorter space times (WHSV = 2h -1 and WHSV = 3h -1 ), whereas cracking reactions which produce shorter chain alkanes from C 17 and C 18 hydrocarbons can also be significant as a function of increasing space time.
Regarding the other fractions in organic phase, monoaromatics are mainly formed from fatty acid fractions through intermediate n-alkanes by means of cyclization and aromatization reaction routes.
[30] In addition to this, a direct route for the formation of cycloalkanes and aromatics prior to deoxygenation has also been proposed in the literature.
[33] Monoaromatics can also be resulted from resin acids and sterols in tall oil by selective ring opening and dehydrogenation reactions which are valid on the employed catalyst at high temperatures. As fatty acids act as the major precursor for monoaromatics formation at high temperatures, it is obivious that lower amount of fatty acids in CTO in comparison with DTO causes a low yield of monoaromatics.
[30]
Interestingly, the ratio of polyaromatics to monoaromatics was higher with CTO compared to DTO, and it can be credited to the supplement formation of polyaromatics from the sterol fraction in CTO, either prior to or after deoxygenation As noted from Fig. 3(a) , a decrease in conversion of fatty acids was obtained in CTO hydrotreating.
Therefore, it is important to assess the effect of other fractions on the conversion of fatty acids in CTO. It is already learnt from DTO hydrotreating that resin acids are not inducing any significant effect on fatty acids in terms of inhibiting its reactivity. In addition to resin acids CTO also contains a considerable amount of neutrals (sterols). In view of the earlier study on the HDO of phenolic compounds and alicyclic alcohols, [20] it can be proposed that the sulfur anion vacancy (CUS) site which is responsible for the HDO of acid fractions are also responsible for the HDO of sterols (direct C-O hydrogenolysis). Interestingly, in our previous study on CTO hydrotreating, [23] a high coversion range of sterols occurred at the tested conditions irrespective of space time and temperature. Therefore, based on these observations we may only conclude that a high conversion of sterols is achievable in spite of the competitive adsorption on CUS between acid fractions and sterols in CTO.
a) The effect of sulfur on fatty acid conversion It is widely acepted that metal impurities present in the feed influences the hydroprocessing reactions on a sulfided NiMo catalyst. It can be suggested that hydrogenation is prominent at elevated temperatures as well, and produce saturated fatty acids. However, as shown by reactions (4), (5) and (6) This observation also signifies that even at low temperatures all converted fatty acids in CTO were not turned into paraffins. Therefore, a possibility of paraffin formation from fractions other than fatty acids is proposed in CTO hydrotreating. It is known that CTO feed conatins a considerable fraction of fatty alcohols (6-8 wt %) along with other fractions; consequently, one route can be suggested as paraffin formation from fatty alcohols via hydrogenation. Ring opening activity of sulfided NiMo catalyst with resin acids as proposed by Palaniswamy et al.
[38] can also be extend to sterols in CTO. Nonetheless, it is suggested that detailed studies are needed in order to further evaluate the possible routes for the formation of paraffins from cyclic structures in tall oils.
Resin acids and their reaction mechanism assessment
From DTO hydrotreating, it is known that fatty acids did not impose any inhibiting effects on resin acid conversions over a sulfided NiMo catalyst, and vice versa. [22] Fig. 3 shows that coversion of resin acids in DTO and CTO follows the same trend as of fatty acids. Therefore, it is proposed that resin acid conversion is also altered by the same effects which are related to fatty acid conversion. 
